Abstract: A monolithically integrated dual electroabsorption modulated laser (DEML), consisting of distributed feedback laser (DFB) and electroabsorption modulator (EAM) sections, is proposed as a transmitter in an optical network unit with phase-shift keying (PSK) modulation. The DFB is directly modulated in phase, and the EAM section is applied for mitigating the residual amplitude modulation. The DEML, as compared with external phase modulator, has advantages of low cost, simplified design, low footprint, and reasonable power consumption, thus making it attractive for an ultradense wavelength division multiplexing passive optical unit. The system is validated at 2.5 and 5 Gb/s with intradyne detection.
Introduction
The explosive growth of telecommunications services has continued to fuel the deployment of optical access networks [1] , [2] . Ultra-dense wavelength division multiplexing (UDWDM) with coherent detection provides a promising option for a "wavelength-to-the-user" access network [2] . However, the cost and footprint are still vital factors to be considered in customer equipment [1] - [5] . With this purpose, integrated modulators are an interesting option for transmitters (Tx), particularly at the user side.
Unlike LiNbO 3 , monolithic integration on InP presents a lower footprint, cost, and consumption, and facilitates the design of complex photonic circuits with multiple functions [6] . In recent years, integrated chips are available for a WDM passive optical network (WDM-PON) [1] - [3] , such as the semiconductor optical amplifier (SOA), reflective-SOA (RSOA) [4] , [7] - [10] , the binary phase shift keying electro-absorption modulated laser (BPSK-EML) [11] , and the dual electroabsorption modulated laser (DEML) [11] .
The DEML combines a distributed feedback laser (DFB) and an electro-absorption modulator (EAM). It can be easily integrated and fabricated [11] ; thus, it is attractive for Tx at the optical network unit (ONU) [3] , [11] , as well as the optical line terminal (OLT) [11] . Traditionally, the DEML uses the DFB as the optical carrier source and the EAM for data modulation in intensity. Unlike the traditional design on this kind of chip, the DFB can be also driven with radio frequency (RF) access, providing the capacity of modulating the DFB. In this work, the DFB section is coupled with a RF electrode for fast modulation, as well as the EAM section. Furthermore, unlike the traditional application on the DEML, a method called balanced FM-AM [11] was developed with the purpose of compensating fiber dispersion effects [11] by spectrum sculpting [12] , [13] . Differently, the DFB can be directly modulated in phase by equalizing the signal [14] , [15] , providing a PSK modulation possibility by using the DEML. Unfortunately, there is a residual amplitude modulation (AM) caused by modulating the DFB, producing a substantial penalty in the performance [14] , [16] , [17] . Hence, mitigating or minimizing the residual AM is worthy of further research. Some researches present good works on reducing the residual AM [18] - [21] , in this work, we focus on this new application for the DEML. Besides, for further research, this device can be useful for multi level modulation, such as quadrature phase shift keying (QPSK) and quadrature amplitude modulation (QAM) when the laser linewidth could be reduced.
For the receiver (Rx) side, coherent detection presents better performance compared with direct detection [19] , [22] - [24] , and it gives the benefit of wavelength selectivity for ultra-dense channel spaced network without the demand of optical filters.
We have demonstrated in [25] a 1.25 Gb/s differential phase-shift keying (DPSK) transmission by means of a DEML with a heterodyne Rx. In this work, here we extend the measurements to 2.5 Gb/s and even to 5 Gb/s using a new coherent intradyne Rx. The EAM is employed to mitigate the residual AM produced when directly phase modulating the DFB, with the technique explained in this paper. An enhancement of 2.5 dB and 4 dB for 2.5 Gb/s and 5 Gb/s are achieved when compared with a directly phase modulated DFB, showing that the residual AM is mitigated effectively. This paper is organized as follows: In Section 2, the monolithic DEML is introduced and the characteristics are measured. The experimental setup is described in Section 3. Then, in Section 4, the mitigated residual AM effect and BER performances at 2.5 Gb/s and 5 Gb/s are shown. Finally, conclusions are presented in Section 5.
Monolithically Integrated DEML Assembly and Characterization
The integrated DEML is designed for temperature-stable, energy-efficient, and high-bit rate operation at an emitting wavelength of 1537 nm. The same active layer is used for both laser (DFB) and modulator (EAM) sections. The length of the DFB and EAM sections is around 470 m and 75 m respectively. A schematic representation of the DEML chip is shown in Fig. 1(a) . The III-V epitaxial layers are grown on an InP substrate. Its intrinsic layer contains an InGaAlAs multiple-quantum well (MQW) stack sandwiched by two separate confinement heterostructures (SCH). The EAM is implemented by using a pin diode structure with the active MQW located inside the intrinsic layer [13] . The bias applied to the pin diode adjusts the electrical field in the MQW region and results in the change of optical absorption due to the quantumconfined stark effect (QCSE). In addition, the waveguide is selectively buried with a tandem layer of semi-insulating InP [11] .
This assures a low EAM capacitance and low thermal resistance of the laser [13] . The DEML chip (size 0.25 mm Â 0.5 mm) is on a sub-mount (size 2 mm Â 6 mm Â 0:5 mm) and RF data access ceramics for DFB and EAM are shown in Fig. 1(b) . Both the DFB and EAM have resistors of 50 for impedance matching. A microchip circuit board is used to provide the RF access to the DFB and EAM. The substrate of circuit board is RO-Duroid-5880 with 0.127 mm thickness, supporting the propriety of maximum bandwidth for the chip assembly [26] .
The DFB threshold current is 10 mA as shown in Fig. 2(a) . The DEML output power against the bias voltage of the EAM is plotted in Fig. 2(b) . The DFB is adjusted at a bias condition of 50 mA which is a balanced value for temperature stability, maximum bandwidth, and output power. From Fig. 2(b) , the bias condition of −2 V for EAM is chosen, providing around 0 dBm output power. The linewidth for the DEML is around 10 MHz. The temperature is controlled in order to avoid high wavelength drifts. The control is done by a peltier at an operating condition of 25°C with the help of a temperature sensor.
The AM and phase modulating efficiency (PME) [27] of the DFB in this integrated DEML are obtained following the procedure described in [27] . A high pass filter based on a simple RC network equalizer is required to obtain the phase modulation [14] . The AM response and PME are shown in Fig. 2(c) and (d) . It is observed that the 3-dB modulating bandwidth is around 8 GHz. The PME presents a flat response at low frequencies after using the equalizer (see Fig. 2(d) ), reducing phase distortions when it is modulated by the driving current.
Experimental Setup
The DEML is modulated with 2 18 non-return to zero (NRZ) differentially coded bits. Data is generated to modulate both the DFB and the EAM, as shown in Fig. 3 . Two electrical amplifiers are used to introduce appropriate signal power into the each device in the chip [11] . A phase shifter ðÁÞ is used to adjust the delay of the driving signals to the DFB and EAM [11] , [13] .
With the purpose of modulating the DFB in phase, the data signal is equalized. Correspondingly, a second equalizer is used for providing a coordinated RF signal to the EAM. After the two equalizers, the signals are injected into the two sections of the DEML. An isolator is used for minimizing the optical reflections. After 50 km standard single mode fiber (SSMF) link, the signal is coherently detected with an intradyne Rx. The received data signal is mixed with the a local oscillator (LO) by means of a 120°optical coupler. The LO is an external cavity laser (ECL) with 0 dBm optical power [15] , [28] . A polarization controller (PC) is employed for compensating fluctuations in the state of polarization (SOP) of the fiber; a polarization scrambler [28] or polarization diversity receiver could be used to avoid the PC. The coupler outputs are detected with 3 photo-diodes (PDs) followed by low noise electrical amplifiers. The electrical signals are sampled and digitally processed with a 50 GSa/s real time oscilloscope. The I and Q components are computed and filtered, and then, the samples pass through a 1-bit delay and multiply block for differential demodulation. Before bit decision, samples are low-pass filtered. Finally, the BER is computed.
Minimizing Residual AM of DFB via DEML
As explained in previous sections, the residual AM reduce the signal quality when modulating in phase [17] , [21] . With the purpose of minimizing the residual AM, the EAM is modulated with the inverse of the data that drives the DFB. Varying the signal amplitude of the EAM can compensate the AM component of the DFB since they have opposite effects on the amplitude. For proper operation, both signals modulating the DEML are also synchronized. To guarantee this, a phase shifter ðÁÞ is introduced as shown in Fig. 3 . The effect on the BER when varying the phase shift between the DFB and EAM signals is plotted in Fig. 4(a) . A phase shift of AE20 is tolerated with less than a 1 dB penalty. After having adjusted the delay and signal amplitude, we measure the residual AM before and after the proposed mitigation with the EAM. Fig. 4(b) shows the detected signals. The amplitude of the AM is around 315 mVpp before mitigation, whereas it is reduced by almost 40% (197 mVpp) after EAM mitigation.
Validating tests are first carried out at a bit rate of 2.5 Gb/s. The DEML is measured under the following conditions: modulating DFB alone in optical back-to-back (btb) and 50 km SMF; both DFB and EAM dual driven in btb with a signal amplitude of 0.5 Vpp for the EAM; and dual driven (in btb and with 50 km SMF) with signal amplitude for EAM of 2 Vpp. For all measurements, the signal amplitude for DFB is maintained at 20 mApp. The results are shown in Fig. 5 . For the DFB alone, the Rx sensitivity at BER ¼ 10 À3 , which corresponds to a 7% forward error correction (FEC) [28] , [29] , reaches −44 dBm and −42.9 dBm in btb and 50 km SMF, respectively. The difference between btb and 50 km SMF is mainly because of frequency drifts in the Tx and LO lasers. When the EAM is used to mitigate the residual AM, the Rx sensitivity improves to −44.7 dBm in btb when the electrical signal driving the EAM is only 0.5 Vpp. The performance improvement is thus < 1 dB. However, when the EAM signal is 2 Vpp (optimum value), the Rx sensitivity reaches −46.5 dBm in btb, and −45.7 dBm with 50 km SMF. This is a 2.5 dB enhancement when compared to only modulating the DFB.
Furthermore, when we keep the DFB modulating signal at 20 mApp, varying the EAM driven voltage from 0 to 2 Vpp. The 2 Vpp presents better BER performance. Hence, we keep this condition for mitigating the residual AM.
Then, we scale the bit rate to 5 Gb/s; the EAM is driven with a 2 Vpp signal, while 20 mApp is maintained for driving DFB; it is because that the 2 Vpp for the EAM is the optimal mitigating residual AM environment. The results are shown in Fig. 6 . At BER ¼ 10 À3 , the sensitivity reaches −35.3 dBm and −33.2 dBm for btb and 50 km fiber transmission respectively when modulating the DFB alone, around 2.1 dB penalty is found between btb and 50 km due to laser frequency fluctuations. When the EAM is also driven, the Rx sensitivities are −39.4 dBm, −37.5 dBm for btb and 50 km SMF correspondingly. Compared with directly modulating the DFB only, the Rx sensitivity is enhanced by 4 dB. This improvement for 5 Gb/s is higher than the one observed at 2.5 Gb/s because the residual AM is higher at 5 GHz, as can be seen in the response of Fig. 2  (c) , closing to the relaxation oscillation frequency of the laser. Hence, a strong reduction of the AM noise is expected for the 5 Gb/s when driving the EAM also. In addition, a similar device with two outputs can be used as Tx and LO, further reducing the complexity of the ONU [3] .
Conclusion
A simple form of obtaining proper PSK modulation and a cost-effective ONU Tx are demonstrated, using a novel DEML integrated device. An approach for mitigating the residual AM of integrated DEML is proposed and experimentally tested at 2.5 Gb/s and 5 Gb/s.
The synchronization between the DFB and EAM is critical, showing a tolerance of just AE20
for maintaining BER ¼ 10 À4 . An improvement of 2.5 dB and 4 dB on the sensitivity are obtained for 2.5 Gb/s and 5 Gb/s when the residual AM is mitigated. This can potentially help on producing multilevel formats and thus increase the bitrate. Furthermore, DEML promises an economicefficient solution because both DFB and EAM could be easily integrated in large-scale production. 
